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Abstract- Piezoelectric transducers convert electrical energy to 
mechanical energy and play a great role in ultrasound systems. 
Ultrasound power transducer performance is strongly related to 
the applied electrical excitation. To have a suitable excitation for 
maximum energy conversion, it is required to analyze the effects 
of input signal waveform, medium and input signal distortion on 
the characteristics of a high power ultrasound system (including 
ultrasound transducer). In this research, different input voltage 
signals are generated using a single-phase power inverter and a 
linear power amplifier to excite a high power ultrasound 
transducer in different mediums (water and oil) in order to study 
the characteristics of the system. We have also considered and 
analyzed the effect of power converter output voltage distortions 
on the performance of the high power ultrasound transducer 
using a passive filter.  
Keywords-component; Power Converter, Piezoelectric Transducer 
Excitattion  
I. INTRODUCTION 
Much research has been conducted on piezoelectric 
behavior since 1880, the year that Pierre and Jacque Curie 
discovered the phenomenon of piezoelectricity. The critical 
behavior of a piezoelectric device is encapsulated in its 
resonant frequencies and the most efficient way to find the 
critical piezoelectric specifications is to analyze its impedance 
frequency response[1]. IEEE Standard on Piezoelectricity 
introduced the basic equivalent circuit model characterizing a 
piezoelectric ceramic near the resonant frequency which is 
known as Van Dyke Model. This model is often adapted to 
model electromechanical resonance characteristics of crystal 
oscillators. The Van Dyke Model is a parallel connection of a 
series RLC representing mechanical damping, mass, and elastic 
compliance and a capacitor representing the electrostatic 
capacitance between the two parallel ceramic plates[2]. When a 
piezoelectric ceramic is mounted to a mechanical structure, a 
loaded piezoelectric ceramic experiences multiple resonances, 
a circuit model (Fig. 1 (a)) for a wide frequency range with 
multiple resonant frequencies can be employed to model the 
behavior of a loaded piezoelectric ceramic. 
Ultrasound systems are used in different industrial and 
medical applications. According to various applications, an 
ultrasound system can be used in low (1-100 W) and high (0.1- 
50 kW) power and frequency ranges. For instance, in 
biomedical applications a high frequency ultrasound system is 
used for diagnosis (low power) or therapeutic application (high 
power). In order to generate ultrasound wave, piezoelectric 
transducer is a key part of the ultrasound system which 
converts electrical to mechanical energy. A most important 
issue in exciting a high power ultrasound transducer is quality 
and shape of the electrical signal which drives the power 
transducer [3-9]. It is important to generate a high quality 
power signal at its resonant frequency with low distortion to 
attain the highest energy conversion. Different methods are 
introduced to generate a suitable signal to drive a power 
transducer such as radio-frequency linear amplifiers and 
switched mode power converters [6]. A main advantage of 
switched mode power converters compare to power amplifiers 
is its high efficiency at high power operation. Fig. 1 (b) and 
Fig. 1 (c) show a power converter connected to a piezoelectric 
transducer as a load and the output voltage levels of a power 
converter respectively. Multilevel converters are suitable power 
converters to drive power transducers due to their attractive 
ability to generate a high quality power waveform with low 
harmonic distortion and voltage stress [10-12].  
In order to drive a power transducer with an appropriate 
signal, it is essential to study and analyze the impedance of a 
piezoelectric transducer at different frequency and power 
ranges. Usually, a network analyzer is used to measure 
piezoelectric transducer impedance and its resonant frequencies 
in frequency domain. It is not possible to analyze and study the 
characteristics of a high power transducer using a network 
analyzer due to the fact that a network analyzer operates at low 
power[5]. Therefore, some tests have been carried out in this 
research to study the performance and behavior (linear or 
nonlinear) of ultrasound system at high power range which are 
presented in the next sections.  
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(c) Figure.1. (a) Van Dyke Model, (b) a power converter, (c) output voltage of 
power converter. 
II. EXPERIMENTAL PROCEDURE 
In this research work we have used a power ultrasound 
transducer which has some resonant frequencies below  
100 kHz and high energy conversion happens at those resonant 
frequencies. Table I shows a summary of all test conditions 
which have been carried out at different mediums and input 
voltages. In the first two tests, sinusoidal voltage waveforms 
are generated by a linear power amplifier to drive the 
piezoelectric transducers. In these two tests, nonlinear 
characteristics of the high power ultrasound system is analyzed 
using superposition method.  
In the other tests, a high power single phase inverter is used 
to generate high voltage and high frequency signals (square 
wave) to analyze behavior of ultrasound system when it is 
driven by non-sinusoidal signals.  
In test 1 and test 2, a power amplifier (OPA 459) is 
connected to a step-up transformer to generate a high voltage 
signal to excite a high power transducer as shown in Fig. 2. 
Two transducers (same type) are placed in a container (exactly 
opposite to each other) and one transducer is excited by the 
electrical signal as a transmitter and the other one converts the 
generated ultrasound signal to electrical energy at the other side 
of the container as a receiver.  
Since the performance of the piezoelectric transducer is 
highly dependent on its excitation, generating a proper 
sinusoidal signal with low order harmonics is required. If the 
frequency of the excitation signal is same as the resonant 
frequency of the transducer, the highest energy conversion will 
be attained. A signal generator and a high power amplifier 
(OPA 459) are used to generate a high power signal (up to 8 A 
at 30 Volts) but a high frequency step-up transformer is used to 
increase the output voltage level. The piezoelectric has some 
resonant frequencies around 39 kHz. We have generated two 
sinusoidal signals at 39 kHz and 61 kHz in two different tests. 
In test 1, the magnitudes of the sinusoidal signals are adjusted 
at 15 V and 30 V and we have excited the first transducer at 39 
kHz and 61 kHz separately and have measured the output 
voltage of the second transducer in time domain. In order to 
check the quality of the input and output voltages at 15 V and 
30 V, the signals are shown in frequency domain (Fig. 3). 
The test results show that the output voltage measured by 
the second transducer is not proportional to the input voltage. 
This test verifies that the ultrasound system has nonlinear 
behavior at its resonant frequencies. In order to study the 
performance of the ultrasound system more, a superposition 
law is used as a key factor. Based on this principle, if the 
ultrasound system has a linear characteristics, the responses of 
the system with two sinusoidal signals (as follow) should be 
same:  
a) separately excited by two signals at 39 kHz and 61 kHz 
and adding the output signals 
b) simultaneously excited by two signals at 39 kHz and  
61 kHz  
TABLE I.  TEST CONDITIONS AND SETUPS 
 Medium 
Excitation 
System 
Input Voltage 
Magnitude 
(peak) 
Frequency 
of Input 
Signal (s) 
Test 1 water 
Signal 
Generator, a 
power amplifier 
and a high 
frequency 
transformer 
15 V and 30 V 39 kHz and 61 kHz 
Test 2 water 
Signal 
Generator, a 
power amplifier 
and a high 
frequency 
transformer 
15 V + 30 V     
(time domain) 
39 kHz and 
61 kHz 
Test 3 oil three-level inverter 
50 V, 100 V, 
200 V and  
300 V 
39 kHz 
Test 4 oil 
three-level 
inverter and a 
tube between 
two transducers 
50 V, 100 V, 
200 V and  
300 V 
39 kHz 
Test 5 oil 
three-level 
inverter and a 
filter 
50 V, 100 V, 
200 V and  
300 V 
39 kHz 
Test 6 water three-level inverter 
50 V, 100 V, 
200 V and  
300 V 
39 kHz 
 
 
Figure.2. A block diagram of a lab prototype for test 1 and test 2. 
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Figure.3. (a) input signals at 39 kHz (b) output signals at 39 kHz (c) input 
signals at 61 kHz (d) output signals at 61 kHz 
 
Therefore, in test 2, the same transducer is excited by two 
signals at 39 kHz and 61 kHz which are added together at the 
input side of the power amplifier. We expect the output 
voltages of the ultrasound system in two different tests should 
be exactly same as each other if the system has a linear 
characteristics. The test result for each voltage level is shown 
in Fig. 4 (a). In order to compare this test results with the 
previous  
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Figure.4. (a) test 1: summation of two output signals (at 39 kHz & 61 kHz) for 
Vin=15V and Vin=30 V 
(b) test 2: two output signals for Vin=15V and Vin=30 V. 
(c) comparing the results of test 1 and test 2 for Vin=15 V. 
(d) comparing the results of test 1 and test 2 for Vin=30 V. 
one, we have added the output voltage results of test 1 at 39 
kHz and 61 kHz in time domain and the results are shown in 
Fig. 4(b). The output voltage of each test at 15 V and 30 V are 
shown in Fig. 4 (c) and Fig. 4 (d) and it is clear that the output 
voltages (separately and simultaneously excited) are not same. 
A difference between these test results shows the ultrasound 
system has a nonlinear characteristics when the input voltage 
and power are increased. 
The results of Fig. 4 show that the ultrasound system does 
not obey the superposition principle and it has nonlinear 
behavior as the output voltages of the two tests at 30 V are not 
same. In order to study the nonlinearity of the ultrasound 
system at higher power and different mediums, different tests 
have been carried out using a single phase inverter, generating 
a square wave uni-polar voltage waveform. A laboratory setup 
of this configuration is shown in Fig. 5.  
A coupling box of laboratory setup is filled of oil or water 
for different tests in this research. A block diagram of the setup 
of test 3 is shown in Fig. 6.  
In this test, a power converter generates a square wave signal 
(uni-polar modulation) at different voltage levels (50V, 100V, 
200V and 300V) and at 39 kHz including some harmonics. In 
order to compare the quality of all input voltages, we have 
normalized all input voltage at 50 Volts (dividing all input 
voltages by factors of 1, 2, 4 and 6, respectively) and the input 
voltage waveforms are shown in frequency domain (Fig. 7 (a)). 
Then, we have measured the output voltage of the second 
transducer at different excitation voltages and the results are 
shown in Fig. 7 (b). Similar to the input voltages, we have 
divided the output voltages by the same factors (1, 2, 4 and 6, 
respectively) in order to compare the output voltages. The 
results show that the ultrasound system has nonlinear 
characteristics at different voltage levels and the output 
voltages are not same when they are normalized. 
 
 
Figure.5. The experimental setup. 
 
 
 
Figure.6. A block diagram of test 3. 
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Figure.7. The results of test 3 (a) input signals and (b) output signals. 
According to the applied input voltages, an ultrasound wave 
is generated and transferred to the second transducer. But some 
of the generated wave will be attenuated due to interaction with 
inhomogeneous material. The velocity and attenuation of 
generated wave are highly dependent on the mechanical and 
structural properties of the medium [13, 14]. To study the effect 
of attenuation of generated ultrasound wave, a tube is placed 
between the two transducers in which ultrasound wave is 
guided from the first transducer to the second transducer. It is 
expected that the tube reduces the propagation of generated 
wave and thus increases the intensity of the wave at the second 
transducer. A block diagram of this configuration is illustrated 
in Fig. 8.  
Similar to the previous test, we have normalized all input 
and output voltages in order to check the quality of the input 
voltages and compare the output voltages in frequency domain. 
As is shown in Fig. 9 the output voltage magnitudes are 
increased compare to the previous test result (Fig. 7 (b)) but 
there are still differences in the output voltage magnitudes due 
to the nonlinear behaviour of the system at those frequencies. 
The output voltage of the power inverter generates voltage 
stress (dv/dt) across the piezoelectric transducer. This voltage 
with the capacitive characteristics of the piezoelectric 
transducer can generate significant current spikes which 
increases losses and high frequency noise. Since the input 
voltage distortion can tend to deteriorate the output voltage 
quality and can increase the power dissipation, a 990 μH 
inductor as a filter is placed between the power converter and 
the transducer to reduce the input voltage distortion across the 
first transducer. Fig. 10 shows a block diagram of the setup.  
The added filter reduces the amplitude of the output voltage 
in frequency domain (Fig. 11) compared to the test results 
shown in Fig. 7 but this filter has not a significant effect on the 
characteristics of the ultrasound system and it has still a 
nonlinear characteristics at those frequencies which is shown in 
Fig. 11 (b).  
In order to study the effects of medium on the ultrasound 
system characteristics, we have performed a new test similar to 
test 3 but with water (instead of oil). A block diagram of the 
setup is shown in Fig. 12.  
 
 
Figure.8. A block diagram of test 4. 
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Figure.9. The results of test 4 (a) input signals and (b) output signals. 
 
 
Figure.10. A block diagram of test 5. 
Similar to the previous test results, when the input and 
output voltages are normalized at 50 V, there are still 
significant differences between the output voltages at different 
frequencies shown in Fig. 13. The nonlinear behavior of a high 
power ultrasound system is obvious in this figure due to 
mismatch of the responses of the ultrasound system to the 
normalized input voltages. The nonlinearity of the ultrasound 
system has been shown in different cases where a high power 
ultrasound transducer was excited by a sinusoidal and a pulse 
voltage waveform. 
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Figure.11. The results of test 5 (a) input signals and (b) output signals. 
  
 
Figure.12. A block diagram of test 6. 
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Figure.13. The results of test 6 (a) input signals and (b) output signals. 
III. CONCLUSION 
In this research a high power transducer is driven by 
different input signals and the performance of ultrasound 
system is studied and analyzed in several frequencies. 
According to the first and the second test results, it is obvious 
that the ultrasound system has nonlinear behavior at high 
voltage and high power. In order to analyze the effects of a) 
input signal waveform, b) medium and c) input signal 
distortion on characteristics of an ultrasound system, several 
tests with different setups are carried out. According to the test 
results of this study and research work, it is concluded that a 
high power ultrasound system has nonlinear characteristics 
with respect to the input voltage magnitude. The results verify 
that the nonlinear characteristics of a high power ultrasound 
system exists in different medium. It means that a high power 
ultrasound system may be saturated when the input voltage 
magnitude is increased and the piezoelectric ceramic plates 
cannot vibrate proportional to the input voltage.  
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